The development of a galactose-capped gold nanoparticle-based colorimetric sensor for the detection of the lectin heat-labile enterotoxin is reported. Heat-labile enterotoxin is one of the pathogenic agents responsible for the intestinal disease called 'traveller's diarrhoea'. By means of specific interaction between galactose moieties attached to the surface of gold nanoparticles and receptors on the B-subunit of heat-labile enterotoxin (LTB), the gold nanoparticles reported here act as an efficient colorimetric sensor, which can detect the toxin at nanomolar concentrations. The effect of gold nanoparticle size on the detection sensitivity was investigated in detail. Amongst the various sizes of gold nanoparticles studied (2, 7, 12, and 20 nm), the 12 nm sized gold nanoparticles were found to be the most efficient, with a minimum heat-labile enterotoxin detection concentration of 100 nM. The red to purple colour change of the gold nanoparticle solution occurred within two minutes, indicating rapid toxin sensing.
Introduction
Gold nanoparticle (AuNP) based colorimetric assays have attracted significant interest over the past decade due to their simplicity and potentially wide applicability. 1 Facile methods established for binding AuNPs to a wide variety of ligands, their high extinction coefficients, and the distinctive colour changes of AuNP solutions upon aggregation (red to purple/ blue) or redispersion of the aggregates ( purple/blue to red), make AuNPs an ideal choice as the basis of a colorimetric sensor for a plethora of analytes. 2 To date, AuNP based colorimetric sensors have been used to detect alkali and alkaline earth metal ions, heavy metal ions, lanthanides, anions, organic molecules, oligonucleotides and proteins. 3 Lectins are carbohydrate-binding proteins that are highly specific for sugar moieties. Colorimetric sensors based on glycogold nanoparticles (gAuNPs) ["water-soluble three-dimensional polyvalent model systems based on sugar-modified nanoclusters"] 4, 5 have been used to detect some toxic lectins such as concanavalin A (ConA), 6 Ricinus communis agglutinin (RCA 120 ), 7, 8 cholera toxin, 9 and viral hemagglutinin (HA). 10 gAuNPs are typically synthesised by attaching saccharides or glycoconjugates to the surface of AuNPs via thiol-terminated linkers. Previous studies have shown that both the length of the linker and the density of the ligands on the gAuNP surface can affect the efficacy of subsequent colorimetric sensing assays. 7, 8, [11] [12] [13] [14] [15] [16] [17] Although there have been some reports on the influence of the size of other AuNPs on their performance in colorimetric sensing, there has been no specific study into the effect of gAuNP size on the colorimetric sensing of toxic lectins.
Binding of this pentasaccharide to the carbohydrate recognition domains of LTB is the first step in the entry of the heatlabile enterotoxin into gut cells. 22 Crystallographic studies have shown that interaction between GM1 and LTB occurs mainly through the terminal galactose residues of GM1; only minimal interactions have been observed between the N-acetylneuraminic acid of GM1 and LTB. 24 The significant contact between LTB and galactose, 79% of which is buried in the binding pocket, explains the high selectivity of LTB for GM1, as compared to other gangliosides. 25 X-Ray crystallographic studies of the interaction of LTB with lactose revealed that the high specificity for galactose arises from the fact that every hydrogen-bond acceptor and donor of the galactose unit, other than the ring and anomeric oxygens, is involved in hydrogen bonding. 26 IgG2B monoclonal antibody allowed the detection of less than 10 ng mL −1 of the toxin. 43 Tyler et al. used the Spreeta® surface plasmon resonance sensor and a quartz crystal microbalance, and reported that the minimal amount of toxin that could be detected in this manner was 3 to 6 µg mL −1 ; 44 a level of detection similar to that obtained in this study. However although these methods have high levels of sensitivity and specificity, the majority of them require complex instrumentation and involve protracted operating procedures. More recently, colorimetric sensing of the heat-labile enterotoxin gene was reported by Jyoti et al. 45 using thiol-modified oligonucleotide capped AuNPs, indicating the desirability of an operationally straightforward colorimetric assay. To the best of our knowledge, there have been no previous reports on the use of AuNPs stabilized with sugars for the colorimetric detection of heat-labile enterotoxin. Herein we report the development of a simple and rapid colorimetric sensing system for LTB detection based on thiolmodified galactose capped glycogold nanoparticles (Gal-gAuNPs). We synthesized Gal-gAuNPs of various sizes, containing AuNP metal cores of 2, 7, 12, and 20 nm, using the same linker (thiol-terminated triethylene glycol). These Gal-gAuNPs did not contain additional 'spectator' or 'filler' ligands, i.e. there was 100% coverage of the gAuNPs with the same ligand, so that the effect of the gAuNP size alone on the performance of these systems in colorimetric sensing could be specifically and systematically studied. Interestingly, we found that 12 nm sized Gal-gAuNPs were more efficient for colorimetric sensing of LTB, a result which indicates that the size of gAuNPs is also an important parameter that should be considered, alongside those of linker-length and the percentage of ligand coverage, in order to construct efficient and optimised colorimetric sensors for toxic lectin detection. The study presented here opens new avenues for the development of an optimised, easy to use, cheap, selective, highly sensitive and rapid sensing platform for the detection of heat-labile enterotoxin.
Results and discussion
Synthesis of the thiol-terminated galactose ligand D-Galactose was acetylated by reaction with acetic anhydride (Ac 2 O) and sodium acetate to give penta-O-acetyl-β-D-galactopyranose 1 (Scheme 1). 46 by TEM) and the UV-Vis absorption spectra of the AuNPs were essentially the same both before and after ligand exchange, indicating that the AuNP cores had not been affected. Analysis of the TEM images of the Gal-gAuNPs (in each case at least 200 particles were measured) revealed the particle sizes to be 2.3 ± 0.5, 7.3 ± 0.9, 12.0 ± 1.7, and 20.3 ± 1.8 nm for GalgAuNP-2, Gal-gAuNP-7, Gal-gAuNP-12 and Gal-gAuNP-20 respectively (Fig. 1) . It is known that as AuNPs increase in size, the corresponding surface plasmon resonance (SPR) peaks in the UV-Vis absorption spectra shift toward longer wavelengths. 53 Here, the absorption maxima for Gal-gAuNP-7, GalgAuNP-12 and Gal-gAuNP-20 were found to be 518, 523 and 527 nm respectively ( Fig. 2 ) whilst Gal-gAuNP-2 had an absorption shoulder at 506 nm. ESI-MS and FT-IR analysis (see ESI †) also confirmed that the galactose ligands were successfully incorporated. The average molecular formula of the GalgAuNPs was determined through TGA, and was also confirmed by elemental analysis (ESI † 9761 for GalgAuNP-2, Gal-gAuNP-7, Gal-gAuNP-12 and Gal-gAuNP-20 respectively. 4, 54 Details of the average molecular formulae calculations are provided in the ESI. †
Gal-gAuNP aggregation in the presence of LTB
A pictoral representation of the LTB-induced aggregation of Gal-gAuNPs, based on previous reports on related analyteinduced aggregation-effected sensors, 2,9 is depicted in Fig. 3 .
The performance of a gAuNP-based colorimetric sensing system depends on how efficiently the gAuNP dispersion is converted to gAuNP aggregates by the analyte of interest. In general, gAuNPs are stabilized against attractive van der Waals forces by the steric effects of the surface capping ligands; in this study the thiol-terminated galactose ligands. 1 Aggregation of gAuNPs can be achieved in two ways -either via interparticle crosslinking or via non-crosslinking. 1 Interparticle crosslinking aggregation can be postulated as the basis of the sensing response reported here; controlled aggregation of the Gal-gAuNPs occurs because of binding of the multiple galactose recognition domains present in LTB, to the galactose moieties present on the Gal-gAuNPs. 22 TEM analysis ( Fig. 4b-d ) clearly shows that, following the addition of LTB, the Gal-gAuNPs were no longer present as individual particles, but had assembled into networks of aggregated NPs, except in the case of Gal-gAuNP-2 (Fig. 4a) . LTB detection is possible with the naked eye as the colour of the colloidal solution changes from ruby red to purple upon Gal-gAuNP aggregation (Fig. 5 ).
The effect of Gal-gAuNP size on the efficacy of colorimetric detection of LTB
To investigate the effect of the size of the Gal-gAuNPs on the colorimetric detection of LTB, experiments were carried out using a series of Gal-gAuNPs with particle sizes 2, 7, 12 and 20 nm. Interestingly, it was found from both TEM and UV-Vis studies that Gal-gAuNP-2 did not undergo any aggregation upon the addition of LTB; hence Gal-gAuNP-2 is not suitable for the colorimetric sensing of LTB. However in the cases of the 7, 12, and 20 nm diameter Gal-gAuNPs a correlation was observed between the concentration of the LTB that was added, and the degree of Gal-gAuNP aggregation. In these cases both the red-shift and the intensity of the SPR peak increased with increasing amounts of LTB due to the formation of larger Gal-gAuNP aggregates. 6 As shown in Fig. 6a , the original SPR peak of Gal-gAuNP-7, centred at 518 nm, did not undergo a significant shift when LTB was added to give final LTB concentrations of either 150 or 300 nM. However when the final LTB concentration was increased to 450 nM, the SPR peak shifted to 536 nm and the solution turned purple, indicating significant aggregation of the Gal-gAuNPs. When the LTB concentration was increased further to 600 nM, an even more pronounced red-shift was observed, and the SPR maximum moved to 542 nm. Kinetic studies of these reactions were also carried out by monitoring the time dependence of changes in the absorption at 620 nm (Fig. 6b) . 7, 9 At final LTB concentrations of 450 and 600 nM, 95% of the total increase in absorbance (I 95 ) occurred within two minutes, whilst 99% of the total increase (I 99 ) occurred within 5 minutes, indicating that aggregation of the GalgAuNPs is relatively fast, and that rapid detection of LTB is possible by this method.
With Gal-gAuNP-12 (Fig. 7a) , aggregation was even observed after the addition of only 150 nM LTB. Therefore even lower LTB concentrations were applied in order to determine the minimum detection limit of LTB by Gal-gAuNP-12. Although no SPR peak shift was observed using 50 nM LTB, at 100 nM a shift in the SPR peak was observed from 523 to 528 nm. These results indicate that Gal-gAuNP-12 is more effective than the Gal-gAuNP-7 for the colorimetric detection of LTB. With GalgAuNP-12, when the LTB concentration was increased from 150 to 600 nm, the SPR maxima shifted gradually from 533 to 557 nm, indicating increased aggregation. Kinetic studies of Gal-gAuNP-12 aggregation (Fig. 7b) , again involving monitoring the absorbance at 620 nm, revealed that I 95 occurred within 2 minutes and that I 99 occurred within 4.5 minutes at all LTB concentrations investigated (100-600 nM).
When the size of the Gal-gAuNPs was further increased to 20 nm, the minimum concentration of LTB required to produce a red-shift of the SPR maximum was found to be 300 nM, i.e. a higher LTB concentration than was required for GalgAuNP-12, but lower than for Gal-gAuNP-7 (Fig. 8a) . Kinetic data obtained for Gal-gAuNP-20 are shown in Fig. 8b ; similarly to the cases of both Gal-gAuNP-7 and Gal-gAuNP-12, I 95 occurred within two minutes, and I 99 occurred within 5 minutes.
To further understand the size-dependence of LTB detection by the Gal-gAuNPs, the ratio of the absorbance intensity measured at 620 nm with and without LTB ([I LTB /I 0 ] 620 ) was plotted against the LTB concentration for all of the GalgAuNPs (Fig. 9 ). These data show that Gal-gAuNP-12 is not only capable of detecting LTB at much lower concentrations, but also that the increase in absorbance intensity that is observed as the LTB concentration is increased is much higher for Gal-gAuNP-12 as compared to the other Gal-gAuNPs. In the cases of the 7, 12, and 20 nm Gal-gAuNPs the NP concentration used for the colorimetric study was 10 nM. In the case of Gal-gAuNP-2 a much higher NP concentration (1 µM) was required because at a AuNP concentration of 10 nM absorption by the colloid was too low to be detected by the UV-Vis spectrometer; this is due to a combination of the significantly lower total amount of Au present, and a low extinction coefficient, which decreases as particle size decreases. 55, 56 At the much higher concentration of 1 µM, it was anticipated that a higher concentration of LTB would be required to aggregate Gal-gAuNP-2. However even with a correspondingly higher concentration of LTB (10 µM, i.e. the same overall molar ratio which caused the onset of the SPR shift for Gal-gAuNP-12), no shift in the SPR peak was observed, and TEM (Fig. 4a) confirmed that the Gal-gAuNP-2 had not aggregated in the presence of LTB. Moreover the 2 nm Gal-gAuNPs nanoparticles are not ideally suited to colorimetric sensing since they fall at the borderline of non-metallic/metallic nanoparticles; as a result they have a shoulder peak instead of a prominent SPR peak in their UV-Vis spectrum (Fig. 2) . 57, 58 The precise reason why Gal-gAuNP-12 is more effective at detecting LTB than either Gal-gAuNP-7 or Gal-gAuNP-20
is not yet clear, and further investigations are required in order to adequately explain this finding. Furthermore, whether this size-related phenomenon (see ESI †) is specific to this particular toxin, or is dependent on the spatial arrangement of the different carbohydrate-binding sub-units of the toxin, also remains to be demonstrated.
Stability and selectivity of nanoparticles
In order to demonstrate the selectivity of toxin detection aliquots of a Gal-gAuNP-12 solution were mixed with Bovine Serum Albumin (BSA, aqueous solutions of 300-1200 nM), the lectins Concanavalin A , all at a concentration of 100 µM). It was found that none of these species had any effect on either the UV-Vis absorption spectrum or the colour of the Gal-gAuNP-12 solution, confirming that the GalgAuNPs did not undergo non-specific aggregation, and that amongst the species investigated the detection was selective for LTB. Furthermore the Gal-gAuNPs were found to be stable in an electrolyte solution (a solution containing Cl − at 100 mM, Na + at 135 mM, K + at 15 mM, and HCO 3 − at 45 mM)
that was selected to mimic the typical 'watery stool' of diarrhoea patients. [59] [60] [61] Gal-gAuNP-12 was then used to detect LTB in this electrolyte solution. A plot of the absorbance intensity at 620 nm vs. LTB concentration (Fig. 10) shows that in the electrolyte solution the minimum concentration required for the change in the absorbance at 620 nm was also found to be 100 nM; a similar result to that shown in Fig. 7 . Thus the AuNP sensor developed here was also effective in an ionic environment that was deemed typical of a clinical sample. Finally Gal-gAuNPs were found to be stable at least for three months at 4°C; they gave essentially indistinguishable results when used for the detection of LTB after being stored for this time period.
Conclusions
It has been demonstrated that Gal-gAuNPs can be used for the simple and rapid colorimetric detection of LTB at nanomolar concentrations. A series of Gal-gAuNPs of different sizes (2, 7, 12, and 20 nm) were synthesized and assayed for their ability to detect LTB. The presence of multiple binding sites on LTB, together with the specific binding of these receptors to galactose units attached to the Gal-gAuNPs, caused nanoparticle aggregation as the basis for LTB detection. The 2 nm GalgAuNPs did not aggregate in the presence of LTB, and did not show any shift in the surface plasmon band. However, as the size of the nanoparticles was increased from 7 to 12 and then to 20 nm, the colorimetric detection level of LTB at first improved from 450 nM down to 100 nM and then declined to 300 nM, indicating that the optimal size for Gal-gAuNPs for the colorimetric detection of LTB is 12 nm. Kinetic studies revealed that the response developed within 2 minutes after the addition of LTB. Furthermore the Gal-gAuNPs did not undergo any non-specific aggregation in the presence of bovine serum albumin, the lectins concanavalin and hemagglutinin, or various ions. The Gal-gAuNP-based colorimetric sensor reported here should allow the development of a sizeoptimised, easy to use, cheap, selective, highly sensitive and fast sensing platform for the detection of heat-labile enterotoxin.
Experimental section

Reagents
Water used throughout this study was purified by a Milli-Q system (Millipore). Au metal (99.99%), trisodium citrate, NaBH 4 and Concanavalin A (isolated from jack bean, Canavalia Fig. 10 Plot of the absorbance intensity at 620 nm vs. LTB concentration (nM) for Gal-gAuNP-12 in an electrolyte solution selected to mimic the watery stool of diarrhea patients.
ensifromis) were purchased from Sigma-Aldrich. The heatlabile enterotoxin B-subunit was purchased from Reagent Proteins (San Diego, USA 62 All other reagents and solvents were analytical grade, and were used without further purification.
Instrumentation
Infrared spectra were recorded on a Perkin-Elmer Spectrum One. Proton nuclear magnetic resonance (δ H ) spectra were recorded on Agilent Technologies 400 MR (400 MHz) or Varian VNMR500 (500 MHz) spectrometers. All chemical shifts are quoted on the δ-scale in ppm using residual solvent as an internal standard. High-resolution mass spectra were recorded with a BrukermaXis 3G UHR-TOF mass spectrometer. Thermogravimetric analysis (TGA) was performed with an Alphatech SDT Q600 TGA/DSC apparatus, on 6-8 mg of purified, dry materials (the sample holder used was alumina crucible), under N 2 (with a flow rate of 50 mL min −1 ), recording data from 25 to 1000°C at a heating rate of 10°C min −1 . Elemental analyses were performed by the Campbell Microanalytical Laboratory at the University of Otago. TEM images of AuNPs were obtained using a Philips CM200 TEM operating at 200 kV. Samples for TEM imaging were prepared by dropping 2 µL of a freshly prepared solution of nanostructured Au onto a carbon-coated copper grid (300 mesh) and drying at room temperature. UV-Vis absorption spectra and kinetic measurements were performed using a Varian Cary 100 UV-Vis spectrophotometer.
Colorimetric bioassay for LTB using Gal-gAuNPs
Purified Gal-gAuNPs were freeze-dried, and then re-suspended in phosphate buffer (10 mM, pH 7.2) to give a nanoparticle concentration of 10 nM. A series of solutions with a range of LTB concentrations (300, 600, 900 and 1200 nM) were prepared separately in Milli-Q water. Then, an aliquot of each of the LTB solutions (150 μl) was added (with mixing) to an aliquot of the Gal-gAuNP solution (150 µl), and the progress of the reaction was monitored by UV-Vis spectroscopy, recording the absorption at 620 nm prior to recording of the whole UV-vis absorbance spectrum. Aliquots of the Gal-gAuNP solution were also mixed with bovine serum albumin (BSA, aqueous solutions of 300-1200 nM) and a variety of metal ions and anions (K + , Na + , , all at a concentration of 100 µM) to confirm that the Gal-gAuNPs did not undergo non-specific aggregation and also with Con A and Hemagglutinin (each 600 nM) to confirm that the particles were selective only towards LTB. Additionally, an electrolyte that mimicked the typical watery stool of diarrhea patients, namely a solution containing Cl − at 100 mM, Na + at 135 mM, K + at 15 mM, and HCO 3 − at 45 mM, [59] [60] [61] was prepared to test the stability and the efficiency of toxin detection of the Gal-gAuNPs. An aqueous solution of trisodium citrate (5.6 mL, 38.8 mM) was added to a boiling aqueous solution of tetrachloroauric acid (25 mL, 1 mM) with constant stirring (500 rpm). After 15 min, the reaction mixture was cooled to room temperature, and a solution of disulfide 4 7 (650 mg, 1 mmol) was added. The reaction was then stirred for 48 h at rt. The reaction mixture was concentrated in vacuo, the residue was dissolved in Milli-Q water (10 mL), and then purified by centrifugal filtering (Amicon Ultra 10K, Millipore, MWCO = 10 000, 1 h, 5000 rpm). The residue was then dissolved in water (2 mL) and lyophilized to obtain Gal-gAuNP-12. Synthesis of Gal-gAuNP-20. 7, 51 An aqueous solution of trisodium citrate (1.24 mL, 16.9 mM) was added to a boiling aqueous solution of tetrachloroauric acid (25.4 mL, 0.3 mM) with constant stirring (500 rpm). After 15 min, the reaction mixture was cooled to room temperature, and a solution of disulfide 4 7 (81 mg, 0.12 mmol) was added. The reaction was then stirred for 48 h at rt. The reaction mixture was concentrated in vacuo, the residue was dissolved in Milli-Q water (10 mL), and then purified by centrifugal filtering (Amicon Ultra 10K, Millipore, MWCO = 10 000, 1 h, 5000 rpm). The residue was then dissolved in water (2 mL) and lyophilized to obtain Gal-gAuNP-20. TEM: 20. 
